Abstract: We present a new resonant behavior based on bound states in the continuum in a guided wave silicon platform. The continuum has the form of a collimated beam of light which is confined vertically in a TE mode of a silicon slab. The bound state is a discrete TM mode of a ridge on the silicon slab. The coupling between the slab and ridge modes results in a single sharp resonance at the wavelength where they phase match. We experimentally demonstrate this phenomenon on a silicon photonic chip using foundry compatible parameters and interface it on-chip to standard single mode silicon nanowire waveguides. The fabricated chip exhibits a single sharp resonance near 1550 nm with a line width of a few nanometer, an extinction ratio of 25 dB and a thermal stability of 19.5 pm/˚C. We believe that this is the first demonstration of bound states in the continuum resonance realized using guided wave components.
Introduction
Silicon photonics has history in research spanning the last 30 years, but we are now seeing its emergence as a mature platform with standard building blocks that can be mass manufactured on wafer scale using CMOS foundry technology. One of the most important building blocks of silicon photonics are optical resonators. These are crucial for wavelength filters and routers, [1] resonant modulators [2] and laser cavities [3] among many other applications.
Microresonators are of particular industrial significance for integrated data communications systems, providing compact, energy efficient and high-performance modulators and narrowband filters for wavelength division multiplexing (WDM) functions on chip. Sensors are also emerging as a major industrial application of microresonators.
In this article, we experimentally demonstrate a bound state in the continuum resonance in an integrated silicon photonic waveguide platform. This resonance is achieved by coupling a continuum of un-bound TE slab modes to a single propagating TM mode of a ridge. We thus call this ridge resonance. We present the theory underpinning this resonance effect identifying the parameters that determine the resonance characteristics. We then present proof of concept experimental results on the fabricated device, demonstrating a single sharp resonanceexhibiting remarkably deep resonance and low temperature dependence. We believe that this is the first experimental demonstration of waveguide based bound state in the continuum resonance of any type in silicon photonics. However, our demonstration is made more significant as it is achieved using only foundry compliant parameters and interfaced to standard silicon photonic nanowire waveguides. While the demonstrated resonance is relatively broad, it would be well suited to coarse wavelength multiplexing and sensing applications -similar to the metasurface counterparts expanding the toolbox of filtering approaches for silicon photonics.
The strength of radiation at each wall is determined by the geometry of that wall. [21] The total radiation is the coherent sum of radiation from each wall and hence the wall separation can cause resonant enhancement or suppression of the leakage. Therefore, by carefully designing the waveguide width, it is possible to achieve very low propagation loss for TM mode. [16, 22] The width at which complete cancellation occurs has been termed the 'magic' width. [22] This 'magic' width can be readily found using a closed-form expression based on the effective index of the TE slab mode in the ridge and the TM guided mode. [16, 22] A similar effect has also been discovered in disk and ring resonators in which the leakage loss depends not only on the ridge width (for the case of rings) but also on the disk or ring radius. [19, 20] These effects of low loss propagation due to leakage cancellation can also be considered as guiding light through optical bound states in the continuum (BIC). [8] The TE waves radiated from both sides of the ridges are loss channels. The phase difference between them are controlled by the ridge width (and/or radius for the case of rings/disks) to achieve cancellation of loss to the continuum. It has been predicted theoretically that similar lateral leakage due to the coupling between a bound TM mode and a continuum of TE slab mode and leakage cancellation or BIC behavior can also be achieved with a low refractive index waveguide on a high refractive index thin membrane. [13] However, to our knowledge, these latter forms of leakage have yet to be experimentally demonstrated.
TE slab beam incident on a ridge: excitation of the bound state from the continuum
Our previous works have extensively explored leakage from a bound state into the continuum in silicon thin-ridges [22] . In this paper, we explore the reverse effect. Consider the situation illustrated in Figure 1(c) where the TE slab mode is excited as a broad beam, which is incident on the ridge. To a first order approximation, one might expect the beam to experience Fresnel reflection at the rising and falling edges of the ridge due to the change in effective index of the TE mode in the slab and ridge regions. An estimate of the reflection as a function of the angle of the incident TE beam that would be expected considering only Fresnel reflection is depicted in Figure 1(d) labelled 'Background' (refer to Supporting Information, Section 1 for details).
However, this approximation does not describe what will actually be observed as it ignores coupling between the TE beam in the continuum and the bound TM mode of the ridge. A full vector simulation (Supporting Information, Section 2) which rigorously takes into account the TE/TM coupling reveals the true behavior as illustrated in Figure 1(d) , labelled 'Rigorous'.
It can be seen that rigorous calculation shows a strong resonance with 100% reflection and far away from this resonance, the reflection is approximately equal to the background. It can be shown that the angles at which 100% reflection occurs are equal to the angles calculated using Equation (1). At these angles, the incident TE slab mode is phase matched to the TM guided mode in the ridge. Therefore, it is possible that the TM guided mode is excited in the ridge at these angles. To reveal that this is indeed the case, we plot the field distributions when a TE optical field is launched toward the ridge with an incident angle that is on resonance and 4˚ different to the on resonance incident angle. It can be seen from Figure 1 (e) that the angular bandwidth of the reflection depends strongly on the ridge width. When the ridge width approaches the 'magic' width at which the lateral leakage loss of the guided TM mode is zero [16, 18, 22] , the angular bandwidth of the reflection also approaches zero. This phenomenon indicates the presence of bound states in the continuum [23] when the ridge at the 'magic' width is excited with a TE beam at an angle resulting in phase matching between the exited TE beam and TM guided mode in the ridge.
In the above analysis, the wavelength is fixed. When the wavelength changes, the incident TE beam in the slab and the guided TM mode in the ridge will no longer be phase matched since the TE slab mode and TM guided mode have different dispersion characteristics. Therefore, it is expected that the reflection and transmission will also be strongly wavelength dependent. Similar to the case of the angular bandwidth, the spectral bandwidth of the resonance also depends strongly on leakage rate of the guided TM mode. Therefore, it is expected that the ridge width has a strong impact on the resonance width or Q-factor. Infinite narrow linewidth resonance can be achieved when the leakage rate of the guided TM mode approaches zero, or the ridge is at the 'magic' width.
Coupled mode analysis of the resonance
It is possible to draw a parallel with the Fano resonance in other BIC photonic systems. [24, 25] The full transfer function of an excitation beam on the ridge will be composed of the superposition of a background component (due to Fresnel reflections) and a resonance describing the gradual coupling of the TE beam into the TM bound mode and the reciprocal leakage of this energy back into the TE continuum. Following Wang et al., [24] 
where r and t are the background reflection and transmission coefficient of the non-resonant process, /0 + /0 A is the complex effective index of the leakage TM mode. When the background non-resonant reflection is negligible, ie r = 0, t = 1, the reflection coefficient can be simplified to:
It can be seen that the spectral characteristic of the resonance is determined by the leakage loss of the TM guided mode as well as the dispersion of the TE slab mode and TM guided mode.
100% reflection occurs at the resonant wavelength or incident angle that satisfies the phase matching condition /1 cos = /0 . The quality factor of the resonance increases when the ridge approaches the 'magic' width where the lateral leakage cancellation occurs, for example /0 A = 0. When the background reflection is ignored, the quality factor of the resonance is infinite at the 'magic' width, confirming the existence of a BIC. [23] The analytic response as calculated by Eq. (2) is presented in Figure 3 These parameters are all determined by the geometry of the ridge including silicon thickness, etch depth and ridge width. How these geometrical parameters impact the properties of the guided TM mode and TE slab were extensively investigated in our previous work. [16, [18] [19] [20] 22] 
Experimental Results
As a proof of concept demonstration, we fabricated a system to launch a Gaussian beam at a ridge. We designed this system using the fabrication constraints of a popular multi-project wafer (MPW) foundry passive technology. [26, 27] The layout and the components in the SOI chip are shown in Figure 4 , where Figure 4 (a) shows an optical microscope image of the chip.
The fabrication of the silicon thin-ridge resonators was carried out on a diced piece of SOI wafer with a 220-nm-thick Si guiding layer and a 3-µm-thick SiO2 buried oxide layer. Firstly, the parabolic reflectors and alignment markers were patterned using a Vistec 5000Plus electron beam lithography (EBL) on a 400-nm-thick ZEP520A EBL resist layer spun on the chip. These structures were fully etched using Oxford PlasmaPro 100 reactive ion etching (RIE) system. Afterwards, grating couplers, waveguides, apertures and ridge resonators were patterned by a second EBL and RIE process, with an etch depth of only 70 nm.
In the following, a brief overview is given to describe the function of the different structures that were used. The laser light is coupled into a single mode optical waveguide from a standard single mode optical fiber, using focused grating couplers (Figure 4(c) ). The single mode waveguide then launches a slab waveguide mode by adiabatically expanding the width, before being terminated (Figure 4(b) ). The slab mode expands and interacts with a parabolic reflector, which collimates the slab mode and reflects it in the direction of the ridge resonator. The The ridge resonator structure was characterized by coupling laser light in and out of the chip using the grating couplers and cleaved fibers mounted at an angle of 10˚. The positions of the fibers were computer controlled to optimize the transmitted power. A tunable C-band laser (Agilent 81600B) and an in-built optical power detector (Agilent 81635A) were used to measure the transmitted power as a function of the wavelength. The transmission spectrum of this structure is presented in Figure 5 (a). The transmission spectrum exhibits a broad envelope, defined by the spectral efficiency of the grating coupler (see Supporting Information, Section 3 for analysis of the system with and without the ridge resonator). Such a spectral response is typical of this type of silicon photonic interface [28] . When the ridge resonator is present, a single, strong resonant dip is evident at wavelength of 1539 nm. The resonant dip is magnified in Figure 5(b) . The resonance has an extinction ratio of approximately 25 dB and a full width at half maximum of 2.95 nm, which corresponds to a Q-factor of around 520. This behavior closely matches the predictions of Figure 3(a) . It should also be noted that the resonator test structure in Figure 4 (a) only adds about 6 dB of loss when compared to a straight reference waveguide on the same chip. Our theoretical analysis indicates that the resonant wavelength of the ridge resonator depends on the ratio of the TM bound mode and TE slab mode effective indices. In the current configuration, the TM mode effective index increases with temperature slightly quicker than the TE slab mode effective index. The temperature insensitivity could be further improved by engineering the TM ridge mode propagation characteristics. The TM mode of the ridge resonator has a strong evanescent field outside of the waveguide as it can be seen in Figure   2 (c). This is in contrast to the TE mode which is tightly bound. Hence, the evanescent field can be used to engineer the properties of the TM ridge mode relative to the TE slab. The ridge could be coated with material with a negative thermo-optic coefficient. [29, 30] For example, when the ridge is coved with 105 nm of TiO2 with a thermo-optic coefficient of -10 -4 K -1 , athermal ridge resonance can be achieved. The resulting temperature insensitivity could make these ridge resonators highly attractive for many practical applications in integrated silicon photonics.
Another attractive possibility is to use the strong evanescent field of the ridge resonance for sensing applications such as biophotonics, [31] as a refractive index change at the surface would result in a large change in the properties of the TM mode, but minimal change in the TE slab resulting in a shift of the resonance wavelength. Due to the single resonance over a broad wavelength range, this shift can be unambiguously detected unlike other types of resonators that exhibits cyclical resonances, resulting in increasing sensing dynamic range. In our demonstration, the linewidth of the resonance and the extinction ratio is limited by the parabolic mirror structures used to generate and collect the TE beams in the silicon slab. Our rigorous simulation and analytical analysis in Sections 3 and 4 show that it should be possible to achieve high extinction ratio as well as very narrow linewidth resonances when the ridge width is close to 'magic' width. In order to realize such a narrow linewidth resonance, the ridge must be relatively long and must be excited with a very broad TE beam. Methods to practically achieve such high quality and broad beam excitation are currently under investigation.
Conclusion
We have conceived and experimentally demonstrated means by which bound state in the continuum phenomenon can be used to achieve strong resonance in a silicon photonic waveguide platform. We have presented theory which describes this effect as a type of Fano resonance and experimentally demonstrated resonators with an extinction ratio of 25 dB and the Q-factor of 520 and are highly temperature stable. This proof of concept demonstration is un-optimized, and we believe these structures can achieve higher Q and even more temperature stable operation with further optimization. We believe that this is the first experimental demonstration of such behavior in any waveguide platform, but is of particular significance as our platform satisfies silicon photonic foundry design rules. We anticipate that this type of resonator could form the basis of a new class of wavelength dependent silicon photonic components with particular relevance for integrated transceivers for data communications applications based on coarse wavelength multiplexing. We also anticipate that this new ridge resonator could be a valuable component for photonic chip sensors and high extinction filtering applications such as required for integrated quantum optics where external thin-film filters are currently indispensable.
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Theory of Ridge Resonance
In this section, the theory of the resonance in ridge waveguides is developed based on coupled mode theory formalism. Drawing on the analogy to a two-port resonator, [1] the ridge resonance can be considered as the sum of resonance-assisted component due to coupling between TM guided mode in the ridge and the TE slab mode in the slab, and a background component due to Fresnel reflections at the ridge walls as illustrated in Figure S1 .
When excited, the TM guided mode in the ridge waveguide has the z-dependent amplitude given by ( ) = F The dynamic equations for the amplitude u of the TM guided mode can be written as
where C is the scattering matrix of the non-resonant assisted coupling between incoming and outgoing TE waves. This scattering matrix has the following form
where f is a phase factor, and r and t are the reflection and transmission of the non-resonant assisted coupling process. For externally incident TE wave of amplitude si+ at the wavelength l incident on the ridge with incident angle q, the complex amplitude of the TE wave along the waveguide axis z is defined
Using the energy-conservation and reciprocal rules and following the same procedures as in, [1, 2] the relationships between coupling matrices K, D and C can be derived as the followings:
Because of the symmetric of the waveguide structure, we further have ' = P = √ .
Using these relationships, the overall system scattering matrix is then given by
The reflection coefficient R of an incident TE wave is therefore
When ignoring the non-resonant assisted coupling process, i.e. r = 0 and t = 1, the reflection coefficient only due to resonant-assisted process can be written as
which is completely determined by the leakage loss of the guided TM mode, the effective indices of the guided TM mode and TE slab mode in the slab region.
To validate the theory, we compare the theoretical prediction of the reflection coefficient using Equation (S9) to the rigorous simulation results of the reflection coefficient using Mode
Matching simulation as described in Section S2. The effective index and leakage loss of the guide TM mode were found from the eigensolution using the Mode-matching eigen mode solver. [3] To calculate the background reflection coefficient due to non-resonant assisted process, we first calculated the reflection and transmission coefficients at the cladding/ridge interface of the TE waves incident from the cladding and ridge regions use the same method as described in Ref [3] . Then the non-resonant assisted reflection coefficient was calculated as: Figure S2 and Figure S3 shows the transmission and reflection coefficients of an incident TE wave as a function of wavelength calculated with rigorous simulation and analytical theory, for a resonant wavelength of 1.55 µm ( Figure S2 ) and 1.31 µm (Figure S3) , respectively. Also shown in Figure S2 and Figure S3 are the background transmission and reflection of the nonresonant assisted process and the transmission/reflection coefficient due to the resonance alone using Equation (S10). It can be seen that the theoretical prediction when including the resonant-assisted reflection and background reflection (analytical case) matches very well to the rigorous simulation results in both cases (strong and weak background). It can be seen from 
Rigorous Simulation of Ridge Resonance
A fully vectorial eigenmode expansion [5] technique was employed to calculate the response of the ridge to an incident TE beam from one side of the ridge. The structure was divided into a number of uniform multilayer slab sections. In each slab section, the total electromagnetic field was expressed as a superposition of both forward and backward propagating slab modes, including guided and radiations modes, for both TE and TM polarizations of the corresponding slab. These slab modes propagate at different angles, but they must be phase-matched along the ridge axis. The continuum of the slab radiation modes was discretized by placing the ridge structure vertically between two perfectly conducing planes. By matching the fields on each slab region at the ridge boundaries, the scattering matrices of the ridge boundaries can be found.
Cascading the scattering matrices of all ridge boundaries and the slab regions gives the scattering matrix of the whole structure. From the scattering matrix, the reflection and transmission coefficients of the ridge when excited with an oblique TE wave can be readily found. Figure S4 shows the transmission as a function of wavelength for the slab mode launching structure using parabolic reflectors without a resonator and a standard silicon wire waveguides for comparison. One can see that the shape of the spectra for the wire waveguide is similar to the one when a TE slab mode is launched, indicated that the overall spectral behavior is dominated by the wavelength dependent coupling efficiency of the grating couplers. One can further see that using the parabolic reflector to launch and collect the TE slab mode introduces an additional loss of approximately 6 dB. An eigenmode solver based on mode-matching method [3] was used to predict the thermal behavior of the ridge resonator. The incident angle of the TE mode, which is dictated by the phase matching condition, was calculated for a nominal resonant wavelength (i.e. wavelength at 30˚C). While keeping the incident angle constant, the material refractive indices of silicon and silica in the mode solver model were changed according to their respective thermo-optic coefficients, [6, 7] to simulate changes in temperature. By recording the dispersion of the TE mode incident under a fixed angle and the TM mode for different temperatures, the thermal shift of the resonance can be found at the crossings for the dispersion curves for different temperatures (as indicated in Figure S5 ). The temperature sensitivity of the resonant wavelength was found to be ~21 pm/˚C. We also investigated how the temperature sensitivity of the resonance wavelength depends on the resonance wavelength. The temperature shift of the resonance wavelength was simulated for different wavelengths from 1500 to 1590 nm and is presented in Figure S6 . One can see that temperature sensitivity of the ridge resonance is lower for longer resonance wavelengths. 
Spectral Influence of Grating Coupler
